Results and discussion
We used an improved version of the yeast two-hybrid system [5] and human Skp1 as bait to search for novel human F-box proteins. The MaV103 yeast strain harboring a fusion between the Gal4 DNA-binding domain and Skp1 was transformed with an activated T-cell cDNA library expressed as fusion proteins with the Gal4 activation domain. After the initial selection and re-transformation steps, three different reporter assays were used to select 13 clones that specifically interacted with human Skp1. After sequence analysis, the 13 rescued cDNAs were found to be derived from seven different open reading frames, all encoding F-box proteins, six of which were novel ( Figure 1) . One of these, β-Trcp, was also identified by others while our screen was in progress [6] . To identify additional human members of this family, we searched various databases using the amino-acid sequences corresponding to the conserved residues of the F-box motif of human F-box proteins. This analysis revealed the presence of human expressed sequence tags (ESTs) encoding nineteen additional, as yet unidentified, human F-box proteins ( Figure 1a ).
Computer analysis of the newly identified human F-box proteins revealed several interesting features (Figure 1b) . Three F-box proteins contained WD-40 domains; seven contained leucine-rich repeats, and six contained other potential protein-protein interaction modules not yet identified in F-box proteins, such as leucine zippers, ring fingers, helix-loop-helix domains, proline-rich motifs and Src homology 2 (SH2) domains. Outside these domains, human F-box proteins, like those of other organisms, shared very limited homology.
A partially overlapping group of vertebrate F-box proteins has been identified by the laboratories of W. Harper and S. Elledge (mammalian F-box proteins) [7] and P. Jackson (Xenopus F-box proteins) [8] . To avoid future confusion over nomenclature, we have agreed on a consistent naming and numbering scheme for this very large family of proteins. Three subdivisions have been created within the F-box protein family that recognize the additional motifs in the protein sequences. Thus, we have named the F-box proteins that contain WD-40 domains Fbws, those containing leucine-rich repeats Fbls, and the remaining ones Fbxs. All other previously identified human F-box proteins -β-Trcp (Fbw1a), β-Trcp2 (Fbw1b), Skp2 (Fbl1) and cyclin F (Fbx1) -are the first members of the respective three classes; the other members have been numbered in the order of their discovery. A compilation of mammalian F-box sequences from this paper and Winston et al. [7] is shown in the Supplementary material of the latter paper.
As representative examples of all three classes of F-box proteins, we characterized the full-length members ( Figure 2 and Supplementary material). We determined whether Fbw2, Fbl3a, Fbx4 and Fbx7, like Fbw1a/β-Trcp and Fbl1/Skp2, interact with human Skp1 and Cul1 in vivo. FLAG epitope-tagged versions of wild-type Fbw1a/β-Trcp, Fbw2, Fbl3a, Fbx4 and Fbx7, and mutant versions of Fbw1a, Fbw2 and Fbl3a lacking the F box (∆F), were expressed in HeLa cells, and the cell extracts subjected to immunoprecipitation with an anti-FLAG antibody. As detected in immunoblots, F-box proteins coprecipitated with Cul1 and Skp1, but not with Cul2 (another human cullin), and only using extracts from cells expressing wildtype F-box proteins (Figure 2a and data not shown).
The binding of F-box proteins to the Skp1-Cul1 complex is consistent with the possibility that F-box proteins associate with a ubiquitin ligation activity. To test this possibility, we expressed FLAG-tagged F-box proteins together with human Skp1 and Cul1 in HeLa cells. Cell extracts were subjected to immunoprecipitation with an anti-FLAG antibody and assayed for ubiquitin ligase activity in the presence of the human ubiquitin-activating enzyme (E1) and a human Ubc. All of the wild-type F-box proteins tested, but not F-box protein mutants, associated with a ubiquitin ligase activity that produced a high molecular weight smear characteristic of ubiquitinated proteins (Figure 2b ). The ligase activity was sensitive to N-ethylmaleimide (NEM; lane 2) and required the presence of both Ubc4 and E1 (data not shown). Results similar to those with Ubc4 were obtained using human Ubc3 (data not shown), whereas Ubc2 was unable to sustain the ubiquitin ligase activity of these SCFs (Figure 2b , lanes 12,13 and data not shown). This is the first demonstration that, in addition to Fbws and Fbls, Fbxs can associate with a ubiquitin ligase activity.
In humans, two SCF complexes have been identified and characterized, one of which contains Fbw1a/β-Trcp and the other Fbl1/Skp2. We and others have recently shown that SCF Fbl1/Skp2 is required for ubiquitination of the The family of human F-box proteins and its three classes, Fbw, Fbl and Fbx. A single dagger denotes F-box proteins identified through a two-hybrid screen; a double dagger denotes those identified by database searching. (a) Alignment of the F boxes of F-box proteins identified through a two-hybrid screen or BLAST searches and those of the four previously known F-box proteins (Fbw1a/β-Trcp, Fbw1b/β-Trcp2, Fbl1/Skp2 and Fbx1/cyclin F). The alignment was performed using the Clustal W method (MacVector) followed by manual readjustment. An asterisk indicates the presence of a stop codon; sequences without asterisks are incomplete at the 3′ end. Dark grey, identical residues in at least 13 F boxes; light grey, residues that are similar. The consensus sequence is indicated below; capital letters indicate identical residues and lower case letters indicate similar residues. The cDNA sequences corresponding to the F-box proteins reported in this figure have been deposited in the GenBank database (accession numbers AF129530-AF129537 and AF174589-AF174606). (b) Schematic representation of the human F-box proteins containing putative protein-protein interaction domains. Double slashes, cDNAs that were incomplete at the 5′ end; asterisks, stop codons. cyclin-dependent kinase inhibitor p27 Kip1 , both in vivo [9, 10] and in vitro [9, 11] and that SCF Fbw1a/βTrcp recruits β-catenin and IκBα for ubiquitin-mediated degradation [12, 13] . Degradation of many other mammalian cellular regulatory proteins (for example, cyclins, c-Myc, c-Jun, E2F and p300) is controlled by the ubiquitin pathway [14] . Yet, the specific enzymes involved in the degradation of these regulatory proteins are not known. This description of a large family of human F-box proteins will allow a better understanding of the role and the specificity of SCF complexes in the regulation of ubiquitin-mediated proteolysis.
Supplementary material
Supplementary material including additional methodological details and three figures showing specific interaction of F-box proteins with Skp1 through the F box, subcellular localization of F-box proteins, expression in human tissues and a compilation of F-box sequences from this paper and [7] is available at http://current-biology.com/supmat/supmatin.htm.
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Supplementary materials and methods
Plasmid construction for the yeast two-hybrid system
The pPC97-CYH2 and the pPC86 plasmids [S1,S2] contain LEU2 and TRP1 as selectable markers and encode, respectively, the DNAbinding domain (DB, amino acids 1-147) and the transcriptional activation domain (AD, amino acids 768-881) of yeast Gal4. The in-frame DB fusion with full-length human Skp1 was obtained by homologous recombination of the PCR product amplified with the following two oligonucleotides: 5′ primer, 5′-AGTAGTAACAAAGGT-CAAAGACAGTTGACTGTATCGTCGAGGATGCCTTCAATTAAGTT-3′; 3′ primer, 5′-GCGGTTACTTACTTAGAGCTCGACGTCTTACT-TACTTAGCTCACTTCTCTTCACACCA-3′. The 5′ primer corresponds to a DB sequence present in the pPC97-CYH2 plasmid (italicized) flanked by the 5′ sequence of the SKP1 gene. The 3′ primer corresponds to a sequence within the polylinker of the pPC97-CYH2 plasmid (italicized) flanked by the 3′ sequence of the SKP1 gene. The PCR product (100 ng) was transformed into yeast cells (MaV103 strain [S1,S2]) with or without 100 ng pPC97-CYH2 plasmid previously restricted with SalI and BglII. As a result of the homologous recombination, only yeast cells containing the pPC97-CYH2 plasmid homologously recombined with SKP1 cDNA grew efficiently in the absence of leucine. Expression of transcripts encoding F-box proteins in human tissues. Membranes containing electrophoretically fractionated poly(A) + mRNA from different human tissues were hybridized with specific probes prepared from FBW1a/β-TRCP, FBW2, FBL3a, FBX4, FBL1/SKP2 and β-ACTIN cDNAs. The arrows on the left point to the major transcripts. P e r ip h e r a l b lo o d le u k o c y t e s C o lo n S k e le t a l m u s c le K id n e y H e a r t L iv e r B r a in P la c e n t a L u n g P a n c r e a s T e s t is S p le e n T h y m u s P r o s t a t e O v a r y S m a ll in t e s t in e 2.5 kb incubation and further tested in the MaV103 'three reporter assays': first, growth on Sc-Leu-Trp plates supplemented with 20 mM 3-AT to assay for GAL1::HIS3; second, expression of β-galactosidase activity to assay for GAL1::lacZ; and third, no growth on Sc-Leu-Trp plates supplemented with 0.2% 5-fluoro-orotic acid to assay for SPAL10::URA3. The corresponding AD plasmids were transformed back into cells expressing either the DB-Skp1 bait fusion or DB alone as a negative control. Thirteen AD plasmids that repeatedly tested positive in at least two reporter assays were rescued in Escherichia coli and sequenced. Two of the clones encoding Fbx4 and Fbx5 appeared to be full length; full-length clones of four other cDNAs encoding Fbw1a/β-Trcp, Fbw2, Fbl3a and Fbx7 were obtained by rapid amplification of cDNA ends (RACE) using Marathon-Ready cDNA libraries (Clontech) according to the manufacturer's instructions. A full-length clone encoding Fbx6 was not obtained. Criteria for full-length clones included at least two of the following: identification of an open reading frame (ORF) yielding a sequence related to known F-box proteins; presence of a consensus Kozak translation initiation sequence at a putative initiator methionine codon; identification of a stop codon in the same reading frame but upstream of the putative initiation codon; inability to further increase the size of the clone by RACE using three different cDNA libraries. Note that all the F-box proteins obtained with the two-hybrid screen (Fbw1a/β-Trcp, Fbw2, Fbl3a, Fbx4, Fbx5, Fbx6 and Fbx7) were used as negative controls in experiments published very recently in [S4] . In that study, they were indicated as Fbp1, Fbp2, Fbp3a, Fbp4, Fbp5, Fbp6 and Fbp7, respectively.
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